Abstract: Dentate granule cells exhibit exceptionally low levels of activity and rarely elicit action potentials in targeted CA3 pyramidal cells. It is thus unclear how such weak input from the granule cells sustains adequate levels of synaptic plasticity in the targeted CA3 network. We report that subthreshold potentials evoked by mossy fibers are sufficient to induce synaptic plasticity between CA3 pyramidal cells, thereby complementing the sparse action potential discharge. Repetitive pairing of a CA3-CA3 recurrent synaptic response with a subsequent subthreshold mossy fiber response induced long-term potentiation at CA3 recurrent synapses in rat hippocampus in vitro. Reversing the timing of the inputs induced long-termdepression. The underlyingmechanism depends on a passively conducted giant excitatory postsynaptic potential evoked by a mossy fiber that enhances NMDA receptor-mediated current at active CA3 recurrent synapses by relieving magnesium block. The resulting NMDA spike generates a supralinear depolarization that contributes to synaptic plasticity
Mossy fiber-evoked subthreshold responses induce timing-dependent plasticity at hippocampal CA3 recurrent synapses Edited by Thomas C. Südhof, Stanford University School of Medicine, Stanford, CA, and approved January 21, 2014 (received for review September 19, 2013) Dentate granule cells exhibit exceptionally low levels of activity and rarely elicit action potentials in targeted CA3 pyramidal cells. It is thus unclear how such weak input from the granule cells sustains adequate levels of synaptic plasticity in the targeted CA3 network. We report that subthreshold potentials evoked by mossy fibers are sufficient to induce synaptic plasticity between CA3 pyramidal cells, thereby complementing the sparse action potential discharge. Repetitive pairing of a CA3-CA3 recurrent synaptic response with a subsequent subthreshold mossy fiber response induced long-term potentiation at CA3 recurrent synapses in rat hippocampus in vitro. Reversing the timing of the inputs induced long-term depression. The underlying mechanism depends on a passively conducted giant excitatory postsynaptic potential evoked by a mossy fiber that enhances NMDA receptor-mediated current at active CA3 recurrent synapses by relieving magnesium block. The resulting NMDA spike generates a supralinear depolarization that contributes to synaptic plasticity in hippocampal neuronal ensembles implicated in memory.
analog signaling | hippocampal mossy fibers T he CA3 area of the hippocampus exhibits a distinctive, highly recurrent circuitry proposed to support autoassociative memory representation (1, 2) . This prediction has been confirmed by experimental work demonstrating the pattern completion capabilities of CA3 networks (3) , as well as their roles in the spatial tuning of CA1 pyramidal cells, in onetrial contextual learning (4) and in certain forms of memory consolidation (5) . CA3 pyramidal cells receive, via the mossy fibers, information processed by granule cells important for both pattern separation (6, 7) and pattern completion functions (7) . The faithful transmission of mossy fiber input appears to be ensured by giant synapses composed of presynaptic boutons with up to 45 release sites (8) that target massive spines, the thorny excrescences, on the apical dendrite of CA3 pyramidal cells. Thus, the mossy fiber synapse is often referred to as a detonator synapse (9) . In fact, mossy fiber signaling is more compatible with a gatekeeper function than a high-throughput data relay. Although high-frequency bursts of action potentials in a hippocampal granule cell can discharge a targeted CA3 pyramidal cell, the majority of responses evoked by granule cells in CA3 pyramidal cells do not attain the firing threshold (10) . Nevertheless, mossy fibers generate powerful signals evoking subthreshold responses that are much larger than typical synaptic events in the brain, with excitatory postsynaptic potentials (EPSPs) and excitatory postsynaptic currents (EPSCs) reaching amplitudes of 10 mV and 1 nA, respectively (11). Here we examined in rat slice cultures how EPSPs generated at mossy fiber synapses are processed in CA3 pyramidal cell dendrites, and evaluated whether subthreshold synaptic responses evoked by mossy fiber stimulation can act as instructive signals to induce plasticity at the pyramidal cell synapses forming the CA3 recurrent network.
Results
We recorded evoked synaptic responses in single CA3 pyramidal cells voltage-clamped at −70 mV in which GABA A receptormediated responses were reduced with intracellular picrotoxin (1 mM). During pairing protocols, to induce synaptic plasticity, recordings were performed in current-clamp mode at resting potential (−64.4 ± 3.8 mV; n = 18). One stimulating electrode was positioned in the CA3 stratum radiatum to stimulate recurrent afferents, and the other was placed in the dentate gyrus to activate mossy fibers (Fig. S1A ), which form synapses on the trunk of the apical dendrite of CA3 pyramidal cells (12) . The identity of the stimulated fiber tracts was ascertained using standard criteria (Fig. S1 ).
We studied synaptic plasticity at CA3 recurrent inputs. Plasticity was induced by pairing an evoked CA3 recurrent EPSP with a mossy fiber EPSP that followed with a delay of 10 ms, repeated 60 times at 0.1 Hz (Fig. 1A) , comparable to standard spike timing-dependent plasticity (STDP) protocols (13) . We chose this low frequency of stimulation because we were interested in studying plasticity solely at CA3 recurrent synapses, and thus avoided frequency facilitation and long-term potentiation (LTP) of mossy fiber-evoked responses (−6.9 ± 5.4%; n = 18; P = 0.32) (14) . Furthermore, high-frequency mossy fiber stimulation evokes synaptic release of zinc (15) , which can depress heterosynaptic potentiation at CA3 recurrent inputs (16) .
CA3 recurrent synaptic EPSPs were enhanced during the pairing protocol (by 179 ± 93%; n = 18; P < 0.001) (Fig. 1B and Fig. S2 A and B) , whereas mossy fiber-evoked EPSPs remained unchanged. Action potentials were never observed at the stimulation intensities used (Figs. S2-S4 ). The potentiation of EPSCs at CA3 recurrent synapses persisted for more than 1 h, corresponding to LTP (54.4 ± 4.8%; n = 18 of 21; P < 0.001; 3 of 21
Significance
Dentate mossy fibers represent the main conduit for information transfer from the cerebral cortex to the hippocampus, a structure essential for learning and memory. It is generally accepted that the information conveyed by mossy fibers must take the form of powerful all-or-none digital signals, known as action potentials, to ensure the formation of stable memory traces; however, experiments in behaving rodents have revealed that mossy fibers might not generate sufficient numbers of action potentials in hippocampal cells to support memory function. Here we show that analog signals elicited by mossy fiber activity, which are weaker but much more frequent than action potentials, can compensate for the paucity of digital signaling and effectively control hippocampal circuits important for memory. cells did not exhibit plasticity) (Fig. 1C) . A subsequent STDP protocol did not lead to any further significant enhancement of LTP (65.9 ± 8.7%; n = 3; P = 0.14).
If the timing of the inputs was reversed such that the delay between the evoked CA3 recurrent EPSP and the subthreshold mossy fiber EPSP was −35 ms, then long-term depression (LTD) was induced (reduction of 42.9 ± 8.5%; n = 5; P < 0.001) (Fig.  1D ). When the pairing latency was zero or increased to +40 ms, no significant plasticity at the CA3-CA3 recurrent synapse was obtained (0 ms: 1.9 ± 9.4%; n = 4; P = 0.12; +40 ms: −5.5 ± 8.8%; n = 3; P = 0.18) (Fig. 1E) . Blocking sodium channels with intracellularly applied QX-314 (17) did not significantly change the magnitude of LTP (65.7 ± 10.4%; n = 3; P = 0.18), confirming that action potentials are not required for this form of plasticity (Fig. 1F ). Significant LTP was induced even when GABA A receptors were not blocked ( Fig. S2 E and F) . Furthermore, EPSP-dependent LTP exhibited input specificity (Fig. S3) .
Synaptic plasticity at CA3 recurrent synapses is NMDA receptordependent (18) (19) (20) , as is associative plasticity at CA3 recurrent synapses induced by mossy fiber-evoked spiking (21, 22 ). Thus, we tested whether EPSP-dependent LTP is also NMDA receptordependent. To evaluate the potential roles of NMDA receptors at CA3 recurrent synapses and mossy fiber synapses separately, we used MK801 (40 μM), an irreversible use-dependent NMDA receptor antagonist. Our results indicate that activation of NMDA receptors at CA3 recurrent synapses, but not at mossy fiber synapses, is necessary for mossy fiber EPSP-dependent LTP (Fig. 2 A-D) .
Previous investigations of heterosynaptic plasticity at CA3 recurrent synapses by mossy fiber stimulation used suprathreshold signals in the form of trains of action potentials (21, 22) . In those studies, activation of extrasynaptic group I metabotropic glutamate (mGlu) receptors was involved in plasticity. In our experiments, heterosynaptic potentiation of CA3 recurrent synapses was achieved without mGlu receptor activation, because plasticity was not modified in the presence of a specific antagonist (MCPG 500 μM; 58.3 ± 13.6%; n = 3; P < 0.001), and the low-frequency, single-pulse pairing that we used resulted in negligible glutamate spillover to extrasynaptic receptors. Taken together with our observation that mossy fiber stimulation can be mimicked by a subthreshold voltage step applied to the CA3 pyramidal cell to induce LTP of comparable magnitude ( Fig. 2 E and F) , these findings are consistent with a passive electrical signal rather than a biochemical mechanism as the process underlying EPSP-dependent plasticity.
During the pairing protocol (i.e., before the development of LTP), arithmetic summation of the EPSPs was evoked by the CA3 recurrent input and the mossy fiber input in some trials, whereas in others, the summation was supralinear (34.3 ± 5.1%; n = 18) (Fig. 3A) . These two distinct populations of response became readily apparent when traces were scaled to the amplitude of the evoked CA3 EPSP ( Fig. 3B and Fig. S4 ), with supralinear response amplitude exceeding linear response amplitude by 96.9 ± 10.3% (n = 18; P < 0.001). Supralinear responses were almost completely blocked when NMDA receptors were antagonized pharmacologically ( Fig. S5 ), suggesting that these events could be dendritic NMDA spikes, as originally described in cortical pyramidal cells (23) (24) (25) . NMDA spikes were subsequently observed in hippocampal pyramidal cells as well (26, 27) .
We then asked whether the mossy fiber EPSP is passively conducted distally along the dendrite to CA3 recurrent synapses to alleviate the magnesium block from NMDA receptors. If this were the case, then the likelihood of evoking an NMDA spike at a CA3 recurrent synapse should diminish as a function of the distance between the mossy fiber synapse and the CA3 recurrent synapse. As an indicator of the distance between the juxtasomatic mossy fiber input and the more distal CA3 recurrent input, we measured the rise time, under control conditions, of the somatically recorded CA3 EPSC (Fig. 3C, inset) , which because of dendritic filtering declines with increasing distance from the site of the somatic recording electrode (28, 29) . Plotting EPSC rise time against the magnitude of LTP induced at the CA3 recurrent synapse revealed a correlation (r = 0.66; P < 0.001) (Fig. 3C ), suggesting that proximity of the CA3 input to the mossy fiber input is a critical factor for inducing EPSP-dependent LTP. A plot of EPSC rise time against the number (expressed in percent) of supralinear events evoked during the 60 pairings also revealed a positive correlation (r = 0.68; P < 0.001) (Fig. 3D) . Furthermore, the number of supralinear events observed during the 60 pairings was correlated with the magnitude of LTP (r = 0.74; P < 0.001) (Fig. 3E ). It is of particular interest that in the absence of supralinear events (<10% of 60 pairings; n = 4), LTP was never induced (Fig. 3E and Fig. S6 ).
We also observed a correlation between the EPSC rise time and the mean amplitude of supralinear events, calculated in relation to linear event amplitude, suggesting more effective activation of NMDA receptors at more proximal recurrent synapses compared with those at distal synapses (r = 0.69; P < 0.001) (Fig. 3F) . Finally, after the induction of LTP with the pairing protocol, the probability of evoking a supralinear response was significantly increased (control: 38.7 ± 7.6%; after pairing: 67.3 ± 8.8%; n = 3; P < 0.05).
We further characterized the role of the supralinear response in inducing plasticity by recording from the trunk of the apical dendrite (Fig. 4A) . After confirming that the response was dependent on NMDA receptor activation, we examined its timing properties ( Fig. 4B and Fig. S7C ). When the mossy fiber EPSP followed the CA3 recurrent EPSP by 10 ms, the amplitude of the supralinear responses recorded in the dendrite exceeded the amplitude of the mean linear responses by 115.8 ± 11.1% (n = 9; P < 0.001). A supralinear response was not observed when the timing of the inputs was set such that the mossy fiber EPSP preceded the CA3 recurrent EPSP by 35 ms, the timing used for LTD (16.8 ± 3.1%; n = 5; P = 0.09), or when the two inputs were activated synchronously (−14.2 ± 1.2%; n = 4; P = 0.13), conditions that did not induce potentiation.
If the hypothesis that EPSP-dependent LTP depends on an interaction occurring in the apical dendrite is correct, then the supralinear response would be expected to be more apparent in recordings from dendrites receiving clustered synaptic input compared with somatic recordings. Thus, we obtained simultaneous recordings from a first-order apical dendritic branch and from the soma (Fig. S8) . In these experiments, it was possible to select a locus of stimulation that evoked a CA3 recurrent EPSP of greater amplitude in the dendritic recording than in the somatic recording (Fig. 4D and Fig. S8C ). When we then paired the response with a mossy fiber-evoked EPSPs that followed at 10 ms, the percentage increase of the supralinear responses was always greater in the dendrite than in the soma (by 52 ± 9.7%; n = 6; P < 0.001). In contrast, when a stimulation site was chosen that evoked a smaller EPSP in the recorded dendrite than in the soma, the magnitude of the supralinear responses was smaller in the dendritic recording compared with the somatic recording (by 42 ± 9.7%, n = 3; P < 0.005; Fig. 4E ).
The ratio in amplitude of the dendritic versus the somatic CA3 recurrent EPSP reflects the proximity of the dendritic recording electrode to the source of the supralinear response. Accordingly, we observed a correlation between dendritic/somatic CA3 recurrent EPSP amplitude and the magnitude of the dendritic supralinear response (r = 0.81; P < 0.001), compatible with findings identifying circumscribed dendritic segments as the functional units for clustered synaptic plasticity (30, 31) .
We conclude that an NMDA receptor-mediated supralinear response, corresponding to a dendritic NMDA spike (23) (24) (25) (26) (27) , is sufficient to induce LTP between CA3 pyramidal cells. In neocortical pyramidal cells, activation of multiple synapses (from 9 to 43) is necessary to evoke an NMDA spike (32) (33) (34) . A similar mechanism is involved in the generation of the supralinear response in CA3 pyramidal cells. When a paired recording approach was used to excite a single CA3 recurrent axon, which activates fewer than 10 synapses per targeted pyramidal cell (35) , repetitive pairing of the unitary CA3 recurrent EPSP with an evoked mossy fiber EPSP failed to induce LTP (n = 4) (Fig. S6) .
Another characteristic of NMDA spikes is that they do not require activation of sodium or calcium channels (23) (24) (25) . Similarly, we found that a supralinear NMDA receptor-mediated response was reliably induced in the absence of a calcium plateau, but we could evoke a calcium spike through a 20-30% increase in the stimulation intensity applied to the CA3 recurrent input and mossy fiber input to depolarize the CA3 neuron beyond −30 mV (n = 4) (Fig. S7 A and B) . However, LTP was still induced in the presence of nifedipine (5 μM) to block by application of the use-dependent antagonist MK801 in a CA3 pyramidal cell voltage-clamped at +40 mV (charge transfer reduced by 30.9 ± 4.5%; n = 3). This prevented subsequent induction of LTP in currentclamp mode (0.5 ± 3.6%; n = 3; P = 0.42). A second application of MK801 at +40 mV reduced mossy fiber responses (blue traces, a 1 , b 1 ) by 16 ± 2.6% (n = 3), similar to that seen in a previously unexposed cell (17.9 ± 4.1%; n = 3) (blue traces in C), demonstrating that the initial application of MK801 did not block mossy fiber NMDA receptors. (C and D) Use-dependent block of NMDA receptors only at mossy fibers (blue traces, a, b) had no significant effect on LTP (50.4 ± 3.6%; n = 3; P < 0.001) compared with control (54.4 ± 4.8%; n = 11; P < 0.001). Subsequent application of MK801 reduced the CA3 recurrent-evoked response by 29.1 ± 3.6% (n = 3), comparable to the reduction observed for an initial application (P = 0.
27) (black traces in A). (B and D) NBQX (10 μM) blocked residual currents. (E and F)
A subthreshold depolarization induced by current injection can substitute for mossy fiber stimulation, consistent with a mechanism involving electrotonic dendritic signaling. The magnitude of LTP is a function of the amplitude and duration of the stimulus.
high-threshold calcium channels (54.7 ± 17.6%; n = 4; P < 0.001) and nickel (50 μM) to block low-threshold calcium channels (52.4 ± 9.8%; n = 4; P < 0.001). Blocking sodium channels with QX-314 also did not prevent the supralinear NMDA receptor-mediated response, but did abolish the sodium spikelet and calcium plateau, even when stimulation strength was increased (Fig. S7 B and C).
Discussion
The molecular processes underlying LTP/LTD expression induced by various established experimental protocols are well understood; however, the physiological conditions under which synaptic plasticity occurs remain unclear. Several previous studies have addressed this issue using STDP protocols, which correspond more closely to in vivo patterns of activity and follow timingdependent contingencies of presynaptic and postsynaptic spikes as predicted by Hebb's rule for neural learning. Central to STDP is the back-propagating action potential initiated in the postsynaptic cell that depolarizes the dendrites, thereby fulfilling a critical requirement for the activation of NMDA receptors; however, accumulating evidence suggests that for most forms of Hebbian plasticity, back-propagating action potentials are not essential and are in fact less effective than active dendritic responses in triggering synaptic plasticity (36) . Furthermore, the STDP requirement for repetitive pairing of EPSPs and action potentials is problematic for plasticity involving mossy fiber synaptic input, because dentate granule cells in vivo exhibit very low levels of activity (6, 37, 38) and function as conditional detonators, evoking action potentials in a targeted CA3 pyramidal cell only infrequently (10) . Here we propose that a subthreshold mechanism depending on mossy fiber-evoked EPSPs may compensate for the extreme sparseness of electrical activity in the granule cell population in vivo (6, (37) (38) (39) (40) .
Pairing of subthreshold synaptic responses has been shown to induce plasticity in a variety of neuronal circuits (13), a phenomenon variously referred to as EPSC-dependent LTP (LTP EPSC ) (41), subthreshold postsynaptic depolarization LTD (dLTD) (42), input-timing-dependent-plasticity (ITDP) (43), or subthreshold-depolarization dependent plasticity (SDDP) (44) . The mossy fiber-dependent associative plasticity characterized in the present study represents an especially powerful form of subthreshold signal-induced plasticity. The exceptional effectiveness of the mossy input reflects on one hand its strategic localization at the base of the apical dendrite, where signals will passively propagate to depolarize more distal spines receiving CA3 recurrent input (12) , and on the other hand the simultaneous release of large numbers of vesicles from a single terminal, essentially achieving cooperativity from a unitary fiber (8, 11) . This production of a large AMPA receptor-mediated signal thus obviates the high-frequency temporal summation required to induce plasticity in most other circuits (45, 46) . Furthermore, a large long-duration EPSP may be more efficient than a brief back-propagating action potential at counteracting the slow kinetics of magnesium unblock from NMDA channels (36, 47) .
Our experiments show that the main determinant of heterosynaptic LTP induced by pairing evoked subthreshold potentials is a supralinear dendritic response. Candidate mechanisms for active dendritic responses are sodium spikes, calcium spikes, and NMDA spikes (48) . Experiments with pharmacological blockers allow us to rule out sodium spikes and calcium spikes. Even though a calcium plateau could be evoked with stronger synaptic stimulation, such plateau potentials were never observed during our LTP protocol. In addition, dendritic calcium waves would not be triggered at the low frequency of mossy fiber stimulation that we used (49) . Thus, by exclusion, the remaining candidate for the generation of a dendritic supralinear response is the NMDA spike.
Additional evidence for NMDA spikes is their sensitivity to specific antagonists and to hyperpolarization-induced block via magnesium, as well as the fact that they were evoked only when a critical number of NMDA receptor-containing synapses was activated within a given dendritic branch. Accordingly, NMDA spikes were observed with bulk stimulation, but not when a unitary input to a CA3 pyramidal cell was activated. Also facilitating the generation of NMDA spikes is the finding that NMDA receptors at CA3-CA3 synapses (50) , as at CA1-CA3 synapses (51), conduct significant current at membrane potentials near resting potential.
Of note, numerous studies have shown that the induction of LTP by STDP depends ultimately on the generation of a supralinear dendritic response, rather than on the back-propagating spike per se (36) . Thus, the dendritic mechanism for EPSPdependent LTP and for STDP shares a common final step. Backpropagating spikes, as well as dendritic sodium and calcium spikes, are propagating signals, however, whereas NMDA spikes are restricted in their spatial extent by the requirement of glutamate binding to NMDA receptors. Thus, STDP may exert a more global effect within the dendritic tree than NMDA spikedependent LTP.
The input timing requirements that allow subthreshold responses to induce synaptic plasticity may arise under a variety of physiological conditions. The CA3 pyramidal cell network exhibits peaks of activity phase locked to theta oscillations (52); thus, when a given CA3 pyramidal cell receives theta-timed input from neighboring CA3 cells, appropriately timed subthreshold mossy fiber input would induce LTP. LTD would result if subthreshold mossy fiber input arrives before CA3 input, or asynchronously (53) . Thus, the giant mossy fiber signal may operate as a gate directing CA3 recurrent synapses toward LTP or LTD, depending on the timing relationship of the inputs.
In conclusion, we have characterized a dendritic interaction that contributes to the induction of plasticity at CA3 recurrent synapses by generating NMDA spikes. The finding that EPSPs evoked by mossy fibers are sufficient to induce persistent changes in synaptic function provides further evidence of the importance of analog signaling in the nervous system, not only for the regulation of neurotransmitter release (54) (55) (56) , but also for dendritic information processing and synaptic plasticity (43, (56) (57) (58) (59) (60) (61) .
Materials and Methods
All experiments were performed in slice cultures prepared according to the Gähwiler method (62) . Although there are slight modifications in the circuitry of slice cultures, these changes are apparent primarily in the CA1 area, whereas the connectivity of granule cells and the number of mossy fiber contacts in the CA3 area closely match the morphological characteristics observed in vivo (63) . Slice cultures were prepared from 6-d-old Wistar rat pups killed by decapitation following a protocol approved by the Veterinary Department of the Canton of Zurich (approval ID 41/2011). In brief, 400-μm-thick hippocampal slices were fixed to glass coverslips using clotted chicken plasma, placed in sealed test tubes with serum-containing medium, and kept in a moving incubator at 36°C for 21-28 d. Experiments were performed at 34°C using the standard patch-clamp recording technique. All data are expressed as mean ± SEM. Drugs and Chemicals. AP-5, MK801, NBQX, nifedipine, picrotoxin, QX-314, and S-MCPG were purchased from Abcam. ATP, phosphocreatine, EGTA, GTP, and nickel were purchased from Sigma/Fluka, and DCG-IV was purchased from Tocris Cookson.
Data Analysis. Data points for synaptic plasticity experiments are values averaged over 3 min. Thus, the first point plotted after the 10-min pairing protocol (60 times at 0.1 Hz) is at 13 min. Numerical data in the text are expressed as mean ± SEM. Statistical comparisons were performed using the Student t test. Differences were considered significant at P < 0.05. r a e n i l a r p u s n a e M ) % ( e d u t i p m a Fig. 4 . The supralinear response evoked at CA3 recurrent synapses is mediated by an NMDA spike. (A) Image of a CA3 pyramidal cell during recording from the proximal apical dendrite. (Scale bar: 15 μm.) (B) A current-clamp recording from the apical dendrite (158 μm from the soma) in control conditions (before repetitive pairing) showing a supralinear summation of CA3 and mossy fiber-evoked responses. Traces are averages of 10 sweeps. The first two traces show averaged EPSPs evoked by a CA3 input and by a mossy fiber input alone. When mossy fiber stimulation follows CA3 stimulation with a delay of 10 ms, a supralinear response can be evoked. All traces with +10-ms pairings are scaled to the mean single-pulse CA3 EPSP. Supralinear summation is prevented by an NMDA receptor antagonist or by clamping the cell at −90 mV. (C) The timing of inputs is critical for induction of supralinear responses. A supralinear response is generated when a CA3 recurrent response is followed after 10 ms by a mossy fiber response, as in our LTP protocol (dendritic recording: 172 μm from the soma). Synchronous stimulation or a mossy fiber response preceding a CA3 recurrent response by 35 ms (as in the LTD protocol) does not produce a supralinear response. (D) Simultaneous recording from a first-order apical dendritic branch (upper traces) and from the soma (lower traces) showing averaged traces of a CA3 recurrent EPSP, a mossy fiber EPSP, a paired linear response, and a paired supralinear response. The greater amplitude of the signals in the dendritic recording indicates that for this cell, the synapses stimulated by the CA3 recurrent input are close to the recorded dendritic branch but far from the soma. In these cases, the supralinear response is greater (less attenuated) in the dendritic recording compared with the somatic recording. (E) In contrast, in cases where the stimulated CA3 recurrent input induces a smaller EPSP in the recorded dendrite than in the soma (dashed lines), the measured supralinearity is smaller in the dendritic recording than in the somatic recording. (F) Consequently, the magnitude of the supralinear responses recorded in the dendrite increases as a function of the ratio of the amplitude of the dendritic/somatic CA3 recurrent EPSP.
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